AKT kinases are attractive targets for small molecule drug discovery because of their key role in tumor cell survival/proliferation and their overexpression/activation in many human cancers. This review summarizes studies that support the rationale for targeting AKT kinases in new drug discovery efforts. Structural features of AKT kinase in its inactive and active states, as determined by crystal structure analysis, are described. Recent efforts in the development and biological evaluation of small molecule inhibitors of AKT, and the challenges remaining are summarized. Inhibitors targeting the ATP binding site, PH domain and protein substrate binding site, as well as isoform selective allosteric inhibitors are reviewed. Structure-based design using PKA mutants as surrogates and computer modeling in the discovery of selective inhibitors is discussed. The issues and challenges facing the development of different classes of inhibitors as therapeutics are also discussed.
Introduction
It is now well established that hyperactivation of AKT kinases is a common event in many human cancers, and this activation results in tumor cell survival and enhanced resistance to apoptosis through multiple mechanisms (for a recent review see Bellacosa et al., 2005) . Activation of AKT kinases occurs by an assortment of mechanisms, such as loss or downregulation of the PTEN tumor suppressor, which are described in detail by Altomare and Testa in this volume. Our review summarizes studies that support the rationale for targeting AKT kinases in new drug discovery efforts. We highlight structural features of AKT kinase in its inactive and active states as well as current efforts to design structure-based small molecule inhibitors of AKT. Another review in this volume, by Cheng et al., considers inhibitors of other components of the AKT pathway.
Rationale for targeting AKT for new drug discovery
AKT kinases have been selected as targets for anticancer therapeutics at many academic and pharmaceutical institutions based on the rationale summarized below:
Reintroduction of wild-type PTEN into tumor cells that are mutant for PTEN resulted in inhibition of AKT activation leading to either cell cycle arrest (glioblastomas, renal cell carcinoma lines) or apoptosis (breast and prostate tumor cell lines) (Li et al., 1998; Di Cristofano and Pandolfi, 2000; Saito et al., 2003) . Inducible expression of PTEN in Jurkat T cells inhibited activation of AKT leading to an increase in apoptosis and susceptibility to apoptosis by various stimuli (Xu et al., 2002) . AKT expression protected cells from PTEN-mediated apoptosis and conferred resistance to proapoptotic cytotoxic agents (Li et al., 1998) . Expression of antisense AKT2 RNA in PANC-1 cells significantly reduced their tumorigenicity in nude mice (Cheng et al., 1996) . Expression of a kinase-dead (KD) mutant of AKT using an adenoviral vector system induced apoptosis selectively in tumor cells expressing activated AKT but not in normal cells or tumor cells expressing low levels of activated AKT. In addition, the growth of tumors in a mouse model was also inhibited by intratumoral injection of AKT-KD expressing adenovirus (Jetzt et al., 2003) . Similarly, adenoviralmediated expression of PTEN was shown to induce apoptosis in several tumor cells lacking PTEN expression but not in tumor cells expressing wild-type protein or in normal cells (Jetzt et al., 2003) . These studies showed that tumor cells, unlike normal cells, are dependent on AKT kinases for survival and the specificity suggested that inhibition of AKT signaling may not be toxic to normal cells. Expression of constitutively active AKT was shown to enhance IGF-1-mediated neuronal survival, whereas expression of a dominant-negative allele of AKT enhanced apoptosis and blocked the antiapoptotic effect of IGF-1 (Dudek et al., 1997; Kulik and Weber, 1998) . Introduction of cell-permeable anti-AKT1 single chain antibodies into tumor cells resulted in inhibition of AKT kinase activation and reduced phosphorylation of Gsk3a/b, leading to apoptosis in three cancer cell lines and inhibition of tumor growth in nude mice (Shin et al., 2005) . A peptide termed 'AKT-in' comprising a portion of an AKT-interacting protein TCL-1 blocked membrane translocation and activation of AKT leading to inhibition of cell proliferation and antiapoptosis in cells and in vivo tumor growth (Hiromura et al., 2004) . Expression of a phosphatase termed PHLPP (PH domain/leucine-rich repeat protein phosphatase) that dephosphorylates AKT triggered apoptosis in a tumor cell line and inhibited tumor growth in mice (Gao et al., 2005) . Treatment of lung and breast cancer cell lines with PI-3 kinase inhibitors such as Wortmannin and LY 294002 was shown to result in inhibition of AKT activation leading to an increase in apoptosis selectively in cells expressing high levels of activated AKT, but not in others expressing low levels of activated AKT (Brognard et al., 2001; Clark et al., 2002) . Recent studies indicate that blocking AKT activation underlies the therapeutic efficacy seen with a number of approved drugs including Gleevec (Bcr-Abl inhibitor, Novartis), Trastuzumab (Her2/neu antibody, Genentech), Gefitinib (EGFR inhibitor, Astra Zeneca) and Tarceva (EGFR inhibitor, Genentech/OSI). Transformation mediated by amplification of Her2/ neu is the result of enhanced signaling through PI3K/ AKT signaling, and interruption of AKT signaling was essential for the cytotoxic effect of Trastuzumab. (Bacus et al., 2002; Yakes et al., 2002) . Constitutively active AKT (myr-AKT) was shown to confer resistance to Trastuzumab in breast cancer cells (Clark et al., 2002) . Sensitivity of breast tumor cells to Trastuzumab can be overcome by expression of constitutively active AKT. Recent studies have shown that Trastuzumab treatment causes rapid activation of PTEN tumor suppressor leading to down regulation of AKT activity and the antitumor effects are impaired in tumors lacking PTEN leading to hyperactive AKT kinases (Pandolfi, 2004) . Thus, loss of PTEN leading to AKT activation is predicted to correlate with resistance to Trastuzumab. Gefitinib, which targets EGFR, induces dramatic clinical responses in non-small-cell lung cancers with activating mutations within the EGFR kinase domain. These mutant EGFRs selectively activate AKT and STAT signaling pathways, which promote cell survival but have no effect on extracellular signalregulated kinase (ERK2) signaling (Paez et al., 2004; Sordella et al., 2004) . It was concluded that mutant EGFRs selectively activate AKT and STAT survival signaling pathways on which tumors become dependent and that inhibition of these signals by Gefitinib may contribute to the drug's efficacy. PTEN loss leading to constitutive AKT activation resulted in resistance to Gefitinib, which could be reversed by reintroduction of PTEN or pharmacological downregulation of the PI3K/AKT pathway (She et al., 2003) .
Similarly, Gleevec was shown to decrease phosphorylated AKT levels in PDGF-transformed ovarian cancer cells, gastrointestinal stromal tumor cells (Frolov et al., 2003; Ohashi et al., 2004) and Bcr-abl transformed chronic myelogenous leukemia cells (Kawauchi et al., 2003) .
These studies highlight the importance of the activation of AKT kinases in the establishment of malignant transformation and resistance to chemotherapy. When AKT is inhibited, malignant cells lose their resistance to apoptosis and expression of activated AKT can restore this resistance.
Sequence and structural analysis of AKT AKT kinases belong to the AGC kinase family (related to AMP/GMP kinases and protein kinase C) and consist of three conserved domains, an N-terminal pleckstrin homology (PH) domain, a central kinase catalytic (CAT) domain and a C-terminal extension (EXT) containing a regulatory hydrophobic motif (HM) ( Table 1) . Among the AKT isoforms, the PH domains are B80% identical and B30% identical to PH domains in pleckstrin and other proteins. The linker (LINK) region connecting the PH domain to the CAT domain is poorly conserved among the AKT isoforms (17-46% identical) and has no significant homology to any other human protein. The consensus CAT domain is B90% identical among the AKT isoforms and is closely related the PKC, PKA, SGK and S6 subfamilies of the AGC kinase family. The C-terminal extension (EXT) is B70% identical among the AKT isoforms and is most closely related to the PKC family. The N-terminal 30-40 residues of EXT are homologous in the AKT, S6, SGK, PKA and c-GMP kinase families. Figure 1 shows the three-dimensional arrangement of the conserved sequence domains as a composite of PH (1UNQ) and kinase domain (1O6K) structures. The PH domain was positioned arbitrarily relative to the kinase domain and connected by a modeled peptide.
There are no structures that encompass all of LINK; The structure of the 25 residue gap between PH and CAT remains unknown. Due to low sequence homology with known structures, models of LINK would be highly speculative.
Several three-dimensional structures have been determined for the separate AKT1 (PDB codes 1UNP, 1UNQ, 1UNR, 1H10) and AKT2 (1P6S) PH domains (Thomas et al., 2001 (Thomas et al., , 2002 Milburn et al., 2003; Auguin et al., 2004) . These structures are very similar and also match the consensus core of the sequence related PH domains from TAPP1 (1EAZ) and pleckstrin (1XX0). The C-terminal helix of the AKT PH domains extends about three turns beyond the consensus core (AKT1 (1-107) to Arg121 (1UNP), see Figure 1 ). Inositol-(1,3,4,5)-tetrakisphosphate binds to a shallow pocket in the AKT1 PH domain largely mediated through several salt bridges between the phosphate groups and basic residues in the protein (1UNQ, 1H10). This binding site is unattractive for drug development due to the fact that the pocket is shallow and charge/charge interactions dominate the binding.
AKT kinases are activated by phosphorylation at a Thr residue in the activation T loop (T308 in AKT1, T309 in AKT2 and T305 in AKT3) and a Ser residue in the C-terminal HM (S473 in AKT1, S474 in AKT2 and S472 in AKT3). Phosphorylation of AKT1 at Thr308 stimulates enzymatic activity by at least 100-fold, whereas phosphorylation of Ser473 increases AKT activity by another 10-fold (Alessi et al., 1996) . Together these two phosphorylations augment AKT kinase activity by 1000-fold. Elucidation of three-dimensional structures of inactive and active AKT2 kinase domains helps to explain how these phosphorylations lead to conformational changes to increase enzymatic activity. The crystal structures of AKT2 kinase domain in its inactive (unphosphorylated) form were determined independently by Barford's group at ICRF in London and by Amgen Cambridge Research Center in Cambridge, USA (Yang et al., 2002b; Huang et al., 2003) . The structure of activated AKT2 (phosphorylated at Thr309) in complex with glycogen synthase kinase-3 (Gsk-3) peptide and 5 0 -adenylylimidodiphoshate (AMP-PNP) was also described (Yang et al., 2002a) . The protein constructs include the entire kinase domain (AKT2 (143-481) -PDB codes 1MRV, 1MRY or AKT2 (146-481) -1GZN, 1O6K, 1O6L) or a shortened version (AKT2 (146-460) -1GZK, 1GZO). In either case, the structurally defined region is bounded by residue 146 at the N-terminus and ca. residue 440 at the C-terminus. Structures of apo-AKT2 (1GZN) and the ternary AKT2/AMP-PNP/peptide substrate complex (1O6K) are compared in Figure 2 . In both cases, the CAT domain assumes the consensus kinase core conformation. For the unliganded form extending to either residue 460 or 481 and regardless of phosphorylation state of the activating residues, there are several significant structural differences. These include different conformations of the Gly-rich loop, the activation loop and EXT as well as disordered segments in the B and C-helices, the activation loop and EXT. AKT2 is less ordered than most kinases after phosphorylation, implying a larger entropic penalty for substrate and inhibitor binding. In apo-AKT2 the DFG motif at the beginning of the activation loop is flipped out towards the front, opening an internal cavity that comprises part of the Gleevec binding site in ABL. This conformational change results in disruption of the ATP binding site. Only in the ternary complex can the flexible elements assume a well ordered conformation closely mimicking that of other activated kinases, especially the closely related PKA and PKC (Knighton et al., 1991; Xu et al., 2004) . Phosphorylation of Ser474 and subsequent binding of the C-terminal HM is an important part of forming the ordered, active conformation.
In each of the AGC family members, EXT wraps around the front of the ATP binding pocket making the cavity smaller than in other kinases, and then continues over the top of the Gly-rich loop terminating in an HM. HM binds to a pocket at the back of the kinase domain (the PIF pocket) forming HM/C-helix contacts. The EXT sequence domain is not an independently folded 3-D domain, but a C-terminal extension of CAT. Functionally, EXT is very similar in AKT2 and PKA even though the sequences are only 17% identical over its full length and the conformations of the HM are different. The AKT2 structures have been discussed thoroughly in several original papers and reviews (Pearl and Barford, 2002; Scheid and Woodgett, 2003) . Figure 3 shows the bound substrates on the AKT2 surface in the ternary complex (1O6K). The peptide substrate binds at a typical rather flat, extended protein/ protein interface while AMP-PNP extends deeply into a taco-shaped cavity.
Small molecule inhibitors of AKT
The common domain organization and high sequence homology of the AKT isoforms was discussed above. Earlier, homology modeling predicted that the three AKT isoforms would share the three-dimensional structure of other AGC family members such as PKA and that the 25-residue ATP binding site is 96-100% identical in the three isoforms. The only residue that differs is Ala230 in AKT1 and Ala232 in AKT2 vs Val228 in AKT3 (Kumar et al., 2001) . The homology models have been confirmed by subsequent crystal structures of AKT2. Extending the binding site analysis to the larger 32-residue balanol (a non-specific ATP competitor) site still reveals only the single Ala (AKT1, AKT2)-Val (AKT3) variant. The most homologus other AGC kinases are 70-77% identical in this site (Table 2 ). While differentiation of AKT isoforms through binding to the balanol site would be very difficult, specificity between AKT and PKA has been demonstrated (Breitenlechner et al., 2005) . In addition to the compounds that target the ATP binding site, inhibitors that target the PH, LINK and the protein substrate sites have been reported. In principle, the PIF pocket and the Gleevec-like pocket of the inactive form could also be targeted.
Compounds that target the ATP binding pocket
Several small molecule leads that compete with ATP for binding to its pocket are being used as the basis for developing potent and selective inhibitors of AKT. A number of these leads were discovered as inhibitors of PKA or PKC. One PKA inhibitor that has been subjected to optimization for AKT selectivity is H-89, which inhibits PKA and AKT with IC 50 s of 35 and 2500 nM, respectively. The crystal structure of the PKA/H-89 complex shows that the isoquinoline nitrogen mimics N1 of adenosine in accepting a H-bond from the peptide backbone, while the sulfonamide chain extends in the direction of the triphosphate chain of ATP (1YDT). Libraries around the lipophilic amino terminus led to the identification of NL-71-101, which inhibits AKT1 2.4-fold better than PKA (IC 50 s 3.7 and 9 mM respectively) (Reuveni et al., 2002) . This compound induced apoptosis in OVCAR-3 ovarian carcinoma cells at high concentrations (>25 mM). A more potent and moderately selective analog of H-89, which inhibits AKT and PKC with IC 50 s of 0.17 and 1.4 mM (Figure 4 , compound 3), respectively, has also been described (Garrett, 2004) .
Synthetic efforts to develop novel analogs of balanol, a nonselective kinase inhibitor, were undertaken recently. Based on a crystal structure of a balanol analog binding to PKA, several analogs were synthesized to improve plasma stability (Breitenlechner et al., 2004) . Compound 2 was developed that is highly potent against AKT1 and PKA (IC 50 s 4 and 2 nM respectively) and has improved plasma stability ( Figure 5 , compounds 1, 2). This study was extended to derive AKTselective inhibitors using cocrystallization with PKA and mutants of PKA in which the amino acids that were Figure 5 ) complexed with PKA and PKA variants with AKT residues substituted into the binding site (Breitenlechner et al., 2005) . The balanol binding site comprises 32 residues within 5A contact around the inhibitor. Table 2 gives the 18 residues for which at least one of the other sequences differs from that of AKT1; shading highlights these differences. AKT crystal structure and AKT-specific inhibitors CC Kumar and V Madison different from AKT were altered. These efforts have led to the identification of potent AKT inhibitors (IC 50 s 20 and 40 nM, respectively) with significant improvements in selectivity against PKA (IC 50 s 1900 and 1700 nM) ( Figure 5 compounds 3, 4) (Breitenlechner et al., 2005) . Selectivity against PKA was improved by introducing bulkier substituents, exploiting an enlarged subsite in AKT vs PKA that arises largely from the smaller Leu296 in AKT2 compared to Phe187 in PKA (Table 2) . This is a good example of structure-based inhibitor optimization.
Recently, the group from Abbott laboratories described a series of potent and moderately selective indazole-pyridine based compounds that inhibit AKT1 kinase ( Figure 6 , compounds 5, 6). These compounds were active in cell-based assays and blocked Gsk-3 phosphorylation induced by the overexpression of all three isoforms of AKT (Luo et al., 2005) . These compounds slowed the growth of tumors when used as monotherapy or in combination with paclitaxel or rapamycin. The therapeutic window for these compounds was very narrow and significant toxicities were observed with these compounds, which included malaise, weight loss and increased plasma insulin levels. It is not clear if the toxicities seen with these compounds are solely due to inhibition of AKT kinases or due to inhibition of other kinases. This class of compounds represents the most potent AKT inhibitors described so far and most advanced preclinically.
Allosteric inhibitors
Recently the group from Merck research laboratories described novel allosteric inhibitors that are isoform selective and highly specific against closely related members of kinases Lindsley et al., 2005; Zhao et al., 2005) . These compounds were not competitive with ATP or peptide substrate and are only active against the full-length enzyme requiring the PH domain for full enzyme inhibition. Structures of AKT1-selective, AKT2-selective and dual AKT1/AKT2 inhibitors are shown in Figure 7 (compounds 7, 8 and 9 ). Published speculation that these inhibitors bind to LINK is consistent with the sequence diversity of this region, note that the largest isoform difference is AKT2 vs AKT3, with only 17% identity. These compounds were only modestly active in inducing caspase-3 activation in LnCaP tumor cells, which express AKT1 and AKT2 but not AKT3. However, when treated with a 1 : 1 mixture of AKT1-selective and AKT2-selective compounds or the dual AKT1/AKT2 inhibitor, a dramatic increase in caspase-3 activation was observed in combination with chemotherapeutic agents . These studies indicate that inhibition of AKT1 and AKT2 is required to reduce the apoptotic threshold and these inhibitors are only modestly active in inducing apoptosis in tumor cells, but synergize with chemotherapeutic agents to induce apoptosis. Importantly it was shown that inhibition of AKT1 and AKT2 sensitized only tumor cells but not normal cells to apoptotic stimuli, suggesting a potential therapeutic window. However, these compounds have poor solubility and pharmacokinetic properties that precluded their evaluation in animal tumor models.
Targeting the PH domain
Another approach to inhibiting AKT kinases is to target the PH domain of AKT and interfere with PtdIns(3,4,5)P3 (PIP3) binding and membrane translocation. Based on molecular modeling of the PH domain of AKT, a number of phosphatidylinositol ether lipid analogs (PIAs) were synthesized to inhibit this interaction (Castillo et al., 2004; Gills and Dennis, 2004) . Five PIAs were identified (Figure 8 , PIAs 5, 6, 23, 24 and 25), which inhibited AKT with IC 50 s less than 5 mM. These compounds inhibited AKT activation and phosphorylation of several downstream substrates of AKT in tumor cells without affecting the activities of upstream kinases such as PI3-K and PDK1 or members of other signaling pathways such as ERK2. Significantly these PI analogs increased apoptosis 20-to 30-fold in tumor cell lines expressing high levels of endogenous activated AKT and were only modestly active in tumor cells expressing low levels of activated AKT. Major issues with this class of molecules are limited solubility, moderate potency against AKT kinases, aggregation and poor pharmacokinetics, which limit their usefulness as small molecule drug leads. Moreover, it is not clear how specific these compounds are towards blocking AKT translocation to the membrane, since PH domains are present in several proteins. As noted above, the crystal structure has been solved for the complex of AKT1 PH domain with inositol (1, 3, 4, 5) tetraphosphate (1H10, 1UNQ). As already noted, this binding pocket is not an ideal drug target because it is shallow and highly charged.
Pseudosubstrate inhibitors
A recent study identified a 14-mer peptide of the sequence, ARKRERTYSFGHHA (AKTide-2T), which binds to the substrate binding region of AKT1 and inhibits the enzyme with a K i of 12 mM. A hybrid between this sequence and a segment of the FOXO3 forkhead transcription factor (sequence VELDPEFE-PRARERTYSFGH, 20-mer) inhibited AKT1 with a K i of 1.1 mM. Substitution of a phosphorylatable serine residue with an alanine resulted in a further 10-fold improvement in potency (K i of 0.11 mM) and these peptides were highly selective versus several closely related kinases (Luo et al., 2004) . These peptides bind to AKT only in the presence of Mg-ATP. Fusion peptides constructed to allow cellular uptake and demonstrated dose-dependent inhibition of Gsk-3 phosphorylation and viability of tumor cells. An interesting series of bi-substrate inhibitors consists of a 7-mer peptide sequence linked to the isoquinoline sulfonyl moiety found in H-89. These compounds, while not as selective as the peptidic pseudosubstrate inhibitors, are potent against AKT1 and PKA (IC 50 s 20 and 12 nM respectively). The protein substrate binding site is highly extended and has only shallow indentations. Similar to other protein/protein interaction sites, it offers poor prospects for developing potent small molecule pseudosubstrate or bisubstrate inhibitors.
Summary and outlook
Substantial preclinical data and studies of tumor specimens have established AKT kinases as major contributors to the development of many human cancers (see reviews by Altomare and Testa in this volume). AKT activation is also linked to the resistance of many cancers to cytotoxic agents and targeted therapeutics that have been approved recently. Although inhibition of AKT activation or signaling has been demonstrated to induce apoptosis in several experimental models, the best use of AKT inhibitors may be in combination with other chemotherapeutics. Small molecule inhibitors targeting the AKT signaling pathway hold great promise as novel therapeutics against cancer. However, significant challenges remain for the development of potent and selective inhibitors of AKT kinases that are suitable as drug candidates. Despite intense efforts at many pharmaceutical companies, there are no reports of clinical trials with an AKT inhibitor to date. Recent success in the elucidation of crystal structures of the AKT2 kinase domain, together with the use of PKA mutant proteins as surrogates, opens the possibility of structure-based design of potent, selective inhibitors. 
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